ABSTRACT
to accelerating the regeneration of injured peripheral nerve, based on the study of its mechanisms, in particular the study of the significance of microenvironment factors for myelination and axonal neuronal growth [6] .
The participation of various cytokines, trophic and growth factors, which are synthesized by different types of cells (macrophages, fibroblasts, Schwann cells), is known both in the processes of degeneration and regeneration of damaged peripheral nerves [3, 7, 8, 9] . Thus, in the reparative regeneration of peripheral nerves, there is shown the efficacy of the brain-derived neurotrophic factor (BDNF), stromal cell-derived factor (SDF-1), nerve growth factor (NGF), etc., which are injected into the trauma site per se, using plasmid constructs, stem cells of various genesis, which synthesize them [2, 3, 10] .
Among the variety of cellular factors with a stimulating effect on reparative regeneration of peripheral nerves, our attention was attracted by the leukemia inhibitory factor (LIF) from the family of interleukin-6 (IL-6), which exhibits properties not only of the polyfunctional cytokine, but also of the neurotrophic factor [11, 12] . In particular, it has been established that LIF prevents demyelization, is a growth factor for neural stem cells (NSCs), Schwann cells and axons, reduces their apoptosis, increases the lifetime of motor neurons. The enhancement of LIF expression in the Schwann cells was demonstrated in the first hours after the injury, so this cytokine is a factor of nerve injury [13] . However, the effect of cytokine on restoration of the functional state of the limb after damage to the peripheral nerve remains poorly understood.It is also important to study possible changes of antioxidant defense activity in tissues of injured limbs under the influence of LIF, since regeneration of the damaged peripheral nerve is impaired in conditions after traumatic oxidative stress [14, 15] . Therefore, the work was aimed at studying the effect of the injection of recombinant human LIF (rhLIF) on the recovery of the structure of the damaged sciatic nerve and the motor function of the injured limb, as well as the assessment of the changes in the activity of oxidative stress and antioxidant activity in its muscle tissue.
Animals.
The study was conducted on 6-8 months-old male FVB/N mice (n = 24). Animals were obtained from the vivarium of the State Institute of Genetic and Regenerative Medicine NAMS of Ukraine. Mice were kept under standard conditions (free access to water and food) with fixed light/dark regimen (12:12) . Biological material for experiments was obtained from the animals in the morning hours under ether anesthesia. All work was carried out in compliance with the Law of Ukraine «On the Protection of Animals from Cruelty» (2006), «European Convention for the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes» (Strasbourg, 1986) .
Experimental animal groups. Mice were divided into the following groups: 1 -sham-operated control (mobilization of the right lateral nerve without neurotomy); 2 -injury of the sciatic nerve (right nerve transection at the middle third) and injection of 0.9 % saline [1] ; 3 -trauma of the right sciatic nerve and subcutaneous injection of rhLIF at a dose of 1 μg per animal daily from the third day after the nerve injury [16] . It has been shown that rhLIF exhibits its biological activity not only to human cells, but also to mice cells and after injection interacts with the receptors to this cytokine on the cells of the nervous system [17] . Each experimental group consisted of 8 animals. The studies were conducted for 28 days after surgery. All surgical interventions were performed under avertine anesthesia (2.5 % solution, 125 mg/kg, intraperitoneally).
Morphological study of the sciatic nerve. Fragments of the right sciatic nerve that contained regenerative neuromas with proximal and distal segments were fixed in a 10 % solution of neutral formalin for 24 hours. After washing, cryostat sections were made, which were impregnated with silver nitrate by the rapid method of impregnating elements of the peripheral nervous system [18] . A part of the sections was stained with azure II-eosin to study the structure of the connective tissue.
The histological preparations were studied and photographed using a microscope BX 51, connected to a digital camera C 3040 ZOOM (Olympus, Japan) and a computer. For morphometric analysis, a standard eyepiece and the UTHSCSA Image Tool for Windows (v. 2.00) software were used. The number of nerve fibers per 1 mm 2 cross-section of the nerve was measured.
The motor function of the injured limb was estimated in the open field test on the number of crossed squares (horizontal motor activity), as well as in footprints test at a distance (mm) between the extreme toes of the foot of the injured limb [19] . As we have established, the joint use of these techniques to evaluate the motor function of experimental mice hind limbs enables to reliably estimate the effectiveness of the motor function restoration after a sciatic nerve injury.
Activity of oxidative stress and antioxidant defense factors in muscle tissue of the injured area. The content of malondialdehyde (MDA), as a marker of oxidative stress in the muscle tissue homogenates, was determined by the Uchiyama method [20] with minor modifications. The principle of this method is to determine the staining intensity during the reaction between MDA and thiobarbituric acid (TBA) under acidic condition at high temperature. As a result of the reaction, a complex containing one MDA molecule and two TBА molecules is formed and has a specific absorption spectra with a maximum at a wavelength of 535 nm.
The activity of antioxidant enzymes was evaluated using microplate spectrophotometer μQuant™ (Bio-Tek, USA) in supernatants of muscle tissue homogenates of experimental animal groups (10,000 g for 20 min) [21] . Thus, to study the superoxide dismutase (SOD) activity, a method based on the ability of the enzyme to suppress the autoxidation reaction of adrenalin (Fluka, Germany) to adrenochrome at pH 10.2 was used; SOD activity was evaluated in arbitrary units per 1 mg of protein per 1 minute. The activity of catalase was determined from the kinetics of Н 2О2 decay (Riedel-deHaën, Germany) and expressed in micromoles of Н2О2 decomposed per 1 mg of protein per 1 min. The activity of glutathione peroxidase and glutathione reductase was measured by NADPH decreasing using Glutathione Reductase Assay Kit (Sigma, USA) and expressed in nanomoles of oxidized NADPH per 1 mg of protein per 1 min. The protein content in the muscle tissue was measured by Lowry method.
Statistical analysis. The statistical analysis of the results was carried out using the parametric statistical methods (Student's t-test) [22] . The difference between the investigated parameters was considered statistically significant at a value of p < 0.05. Statistica 7.0 software (StatSoft Inc., USA) was used for statistical analysis.
MORPHOLOGICAL STUDY OF THE INJURED SCIATIC NERVE STRUCTURE IN ANIMALS OF EXPERIMENTAL GROUPS.
The results of the study of the regenerative neuroma and the distal segment of the sciatic nerve in experimental animal groups are shown in Fig. 1, A-D . It has been established that after the intersection of the nerve in animals, a regenerative neuroma, which includes nerve fibers, blood vessels, cells (mainly fibroblasts), collagen fibers and the main substance of the connective tissue, is formed. In animals with a nerve injury without rhLIF application, there is formation of a dense connective tissue scar, which mostly has collagen fibers and also there are zones with low number of vessels. Nervous fibers are arranged irregularly: one part has a longitudinal and the other -oblique or transverse course relative to the longitudinal axis of the nerve (Fig. 1, A) . Following the injection of rhLIF into animals with a nerve injury, another structure of the neuroma is observed: its connective tissue is less dense due to the predominance of cellular elements and the absence of zones with low number of vessels. Nervous fibers are more ordered, mostly linearly (Fig. 1, C) . 
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After the nerve injury without rhLIF application, the nerve fibers growth into the distal segment of the nerve (Fig. 1, B) is disrupted: a small amount of newly formed nerve fibers is found. Similar to the site of the neuroma, they are arranged in a disordered manner, characterized by hyper-or hypo-impregnation symptoms. The injection of rhLIF greatly affects the regeneration of nerve fibers in the distal segment of the injured nerve: the newly formed nerve fibers have linear course, characterized by uniform impregnation, their number is much higher than that of the animals in the group without rhLIF application (Fig. 1, D) .
In the morphometric analysis, it was found that the density of nerve fibers in the distal segment of the sciatic nerve of the injured mice receiving rhLIF was greater (p < 0.05) than in the mice with only a nerve injury and does not differ from the indicator in sham-operated animals (Fig. 2) .
THE MOTOR FUNCTION OF THE HIND LIMBS.
It has been found that in mice with nerve injury, the number of crossed squares in the open field test is significantly lower than in the groups of sham-operated mice and animals with nerve injury with rhLIF application (Fig. 3, A) . In the «footprint» test, it was found that the distance between the extreme toes of the traumatized limb in the mice of the control group is greater than in mice with nerve injury or injury with simultaneous injection of rhLIF (Fig. 3, B) . However, in experimental mice receiving rhLIF, the values were higher (p <0.05) than in mice with nerve injury only.
ACTIVITY OF OXIDATIVE STRESS AND ANTIOXIDANT DEFENSE FACTORS IN MUSCLE TISSUE IN THE INJURED AREA.
We found a significant increase in the malondialdehyde content in muscle tissue in the area of injury compared with the control group (Table 1 ). In the muscle tissue of animals with a sciatic nerve injury, a significant increase in the activity of catalase is observed, while the activity of glutathione reductase decreases. After injection of rhLIF to experimental animals, there is a ORIGINAL RESEARCH significant reduction in the MDA content to the level of sham-operated animals and a significant increase in the activity of the glutathione peroxidase and glutathione reductase.
Thus, the injection of rhLIF to adult mice with sciatic nerve injury promotes a more complete restoration of the structural organization of the damaged nerve and improves the motor function of the injured limb. In this case, the muscle tissue in the area of the injury improves the balance between the factors of oxidative stress and antioxidant protection.
The possibility of the neuroprotective effect of LIF in the nervous system injury was investigated by the authors mainly at multiple intraperitoneal injection [12, 23] . According to our preliminary data, this method of rhLIF injection into mice leads to an increase in the number of nerve fibers in the distal segment of the injured nerve. However, in this work, we have used long-term subcutaneous injection of rhLIF in the area of the sciatic nerve injury [16] . Such an approach can contribute to the maintenance of a sufficiently stable cytokine content at the site of the injury, which, according to Ostasov [11] , is important for the development of regenerative processes in it. Indeed, we have observed not only the growth of the number of nerve fibers in the distal segment of the injured sciatic nerve, but also the improvement of the structure of the regenerative neuroma. In mice with the nerve injury receiving rhLIF, positive changes in the structure of the damaged nerve can be attributed to the effect of cytokine on axons of neurons, expression of NGF, and anti-apoptotic effect on nerve cells [11, 12] . We do not exclude that these mice also have positive changes in the functioning of the motor neurons of the spinal cord. As Petrova notes [3] , the efficiency of the sciatic nerve regeneration after injury largely depends on the state of the motor neurons of the spinal cord. In the model of spinal cord injury, it has been shown that in this organ LIF enhances the proliferation of NSCs and promotes their predominant differentiation into neuronal direction, improves the survival of the generated and functioning motor neurons, and stimulates the growth of neurites [11, 24, 25] . It has been established that in the motor neurons of the spinal cord there is LIF receptor (LIFR), and knockout mice (LIFR -/-) exhibit 40 % reduction of motor neurons [11] . The possibility of LIF retrograde transport, like NGF, from nerve terminals to the bodies of sensory neurons in the spinal ganglia as a survival factor is proved [12] . After an injury of the peripheral nerve, LIF is retrogradely transported in motor neurons, where it serves as a survival factor and reduces the loss of neurons after a neurotomy [26] . LIF deficiency leads to changes not only in nerve terminals in striated muscle, but also in neuromuscular junctions, which are important for retrograde transport of other motor neuron survival factors, in particular, the ciliary neurotrophic factor (CNTF) [27] . In our further work, we plan to investigate the structure of the motor neurons of the spinal cord in animals with sciatic nerve injury receiving rhLIF.
The positive effect of LIF on functioning of neurons and on glial cells, in particular, myelin synthesizers is established. So, after the injection of the cytokine, an increase in the proliferation of these cells and their synthesis of myelin, as well as remyelination of axons of neurons after injury are observed [23, 28] . In our studies, improving the motor function of the injured limb in experimental mice indirectly indicates the stimulation of myelin nerve fibers formation after the injection of rhLIF.
However, according to Ostasov [11] , the importance of LIF in the pathology of the nervous system and the development of regenerative processes in it is associated not only with the influence of the cytokine on the development and function of the neurons in the motor system, but is also determined by its properties as an integrative molecule between nervous and immune systems. In particular, LIF detects chemokine function for macrophages, improving their migration to the peripheral nerve injury site [29] . On the contrary, in LIF-knock-out mice, macrophage infiltration of the damaged peripheral nerve is significantly inhibited. The chemokine function is specific for LIF, since macrophages do not respond to other neuropathic cytokines such as CNTF, IL-6, IL-11, and oncostatin M. The importance of the chemokine function for LIF is due to the fact that macrophages are key cells in the damaged nerve that phagocyte products of myelin disruption [15, 30] . These cells pass through the blood-nerve barrier during the first 2-3 days after nerve injury, infiltrate it and synthesize proinflammatory cytokines (IL-1β, TNFα) [9] . Macrophages play a critical role in regeneration of damaged peripheral nerves by influencing the proliferation of neurolemmocytes and dissolving myelin lipids for their reutilization during regeneration. The changes in the phenotype of macrophages from proinflammatory to anti-inflammatory in the dynamics of degeneration and subsequent regeneration of the peripheral nerve are possible [8] . Taking into account the anti-inflammatory properties of LIF [12] , we do not exclude the possibility of switching the pro-inflammatory phenotype of macrophages to anti-inflammatory effects under the influence of rhLIF in our study.
According to our data, in the mechanism of rhLIF stimulating effect on regeneration of the damaged sciatic nerve its antioxidant properties may also be significant. Oxidative stress is the result of accelerated formation of free radicals, reactive oxygen species (ROS), as well as changes in the activity of key antioxidant enzymes -SOD, catalase, glutathione peroxidase [21] . It is shown that at the development of oxidative stress LIF, on the one hand, reduces the level of ROS, MDA, on the other handincreases the activity of SOD [31] . In our work, we investigated the content of the factors of oxidative stress and antioxidant defense in the muscle tissue, in which impairment of not only the trophic function of the injured nerve, but also of the neuromuscular contact is possible. We found the inhibitory effect of rhLIF on the high content of MDA in muscle tissue. The lack of activation of SOD in the tissue of animals receiving the cytokine can be partly explained by the terms of the study, since the activation of this enzyme is the first link of antioxidant defense, which usually occurs at the early stages after injury. However, we managed to establish glutathione peroxidase activation, under the influence of rhLIF, which after SOD impact controls breakdown of Н 202 to Н20, along with catalase. The reactivation of glutathione reductase after the injection of LIF is also significant. It is responsible for the reduction of oxidized glutathione in the reaction that catalyzes glutathione peroxidase. The result of such biochemical changes under the influence of rhLIF can be the improvement of metabolic processes in the denervated muscle tissue.
